Droughts are a major threat to water resources systems management. Timely anticipation 11 results crucial to defining strategies and measures to minimise their effects. Water managers 12 make use of monitoring systems in order to characterise and assess drought risk by means 13 of indices and indicators. However, there are few systems currently in operation that are 14 capable of providing early warning with regard to the occurrence of a drought episode. This 15 paper proposes a novel methodology to support and complement drought monitoring and 16 early warning in regulated water resources systems. It is based in the combined use of two 17 models, a water resources optimization model and a stochastic streamflow generation 18 model, to generate a series of results that allow evaluating the future state of the system. 19
Introduction

40
Droughts are a major threat to the sound operation and management of water resources 41 systems. Developing new approaches to anticipate them will help in defining strategies and 42 measures to minimise their effects. The use of monitoring systems to calculate drought 43 indices and indicators can help water managers characterize droughts and define risk 44 scenarios. The activation of a drought scenario in a system will trigger a number of 45 measures addressed to minimise the possibilities of developing into a worse scenario and 46 minimizing the possible effects of the current situation. https://doi.org/10.1016/j.jhydrol.2016.11.022 triggering drought mitigation actions. Additionally, in the case of regulated water resources 79 systems, it would be desirable that the indicator is capable of showing the evolution of 80 management and how this would change the drought status of the system if new operation 81 rules are envisaged. 82 Different drought early warning systems have been developed at different spatial scales, but 83 a very small number of such systems are actually in operation (Rossi and Cancelliere 2013) . 84 This is mainly due to the low density of meteorological and hydrological gauging networks, 85 the sharing of the data among different agencies with different objectives, and to the lack of 86 universal standards in computing drought indices (Rossi 2003) . In addition, the development 87 of indicator systems based on observational frameworks cannot provide sufficient 88 anticipation with regard to the event in progress in order to activate the necessary measures 89 to mitigate its effects (Haro et al. 2014) . Efforts have been made to correlate drought indices 90 to impacts (Stagge et al. 2015) , but these relationships only provide insight after the event 91 has finished and the impacts reported. Mishra and Singh (2011) acknowledged that to 92 develop suitable techniques for forecasting the onset and termination of droughts is still a 93 major research challenge due to the inability to predict drought conditions accurately for 94 months or years in advance. Due to these inaccuracies and uncertainties, drought 95 management relies nowadays mainly on risk assessment. Risk assessment during the 96 operation phase of a system is often referred as conditioned risk assessment. With this 97 situations, and provide water resource planners and managers with new insights both 126 regarding the behavior of the system and the development of drought episodes. 127 2. Case study description 128 The Jucar River Basin is located in the eastern part of the Iberian Peninsula in Spain (Figure  129 1). This basin is the most important of the 9 water exploitation systems in the Jucar River 130
Basin Demarcation (Demarcacion Hidrografica del Jucar -DHJ in Spanish). In the Valencia 131 coastal plain, where the Jucar River has its mouth, there is a shallow lake called Albufera, 132
with an associated wetland. Both, the lake and the wetland depend on return flows from 133 irrigated areas in the basin, and also on groundwater flows from the coastal aquifer beneath 134 the plain (Andreu et al. 2009 ). It is the largest system of the DHJ both in surface (22,261 135 km 2 ) and in volume of resources (1,548 hm 3 /year). 136
The river is an example of a typical Mediterranean river, characterized by a semi-arid climate 137 in most of the basin territory consisting of low precipitation rates (475mm/year) during the 138
year combined with exceptional convective storms that can lead to flooding and seasonal 139 summer scarcity that occurs when irrigation requirements are at their highest. Urban 140 demand accounts for circa 143.3 hm 3 /year and the water demand for irrigated agriculture 141 reaches 1034.3 hm 3 /year. Water supply to small urban areas comes mainly from wells and 142 springs, but large metropolitan areas such as Albacete, Sagunto and Valencia rely on 143 surface water (Andreu et al. 2009 ). According to the White Book of Groundwater (CEDEX 144 1995), nearly three quarters (73%) of the resources in the territory of the DHJ have 145 subterranean origin. This highlights the major importance that groundwater resources have 146 groundwater bodies without accounting for their sharing between other basins or the 149 relationship these bodies have with the surface water system. 150
With regard to droughts, the Jucar River Basin can be considered to be one of the most 151 vulnerable areas in the western Mediterranean region, due to high water exploitation 152 indexes, and the environmental and water quality problems that arise when droughts occur. 153
This situation has triggered increased use of non-conventional resources in recent years, 154 such as reuse of wastewater and drought emergency wells. Also, conjunctive use of surface-155 ground waters has historically been a very important option in the region to provide 156 robustness against droughts. The integrated use of these three resource options was 157 considered a major success in adapting to the latest drought episode between 2005 and 158
(Ortega-Reig et al 2014). 159
The operation of the system is mainly multi-year. The Alarcon and Contreras reservoirs, at 160 the headwaters of the system, are capable of storing the highly variable streamflow coming 161 from their upstream sub-basins. The third most important reservoir in the system, the Tous, 162 is operated on an annual basis. Before the summer season it stores incoming mid-basin 163 streamflow and upstream reservoirs releases to supply the different demands within the 164 Valencia Plain. By the end of the summer, the reservoir is emptied in order to prevent floods 165 originated from often intense autumn rainfall events. 166
Methodology
167
In this section, we present the indicator system currently in use in the Jucar River basin as 168 well as in most of Spanish river basins. Despite being a useful methodology to evaluate the 169 actual drought conditions in the basin, it has low forecasting capacity; making preventive 170 provided by the indicator, we developed a methodology to derive the probability of drought 172 scenario change for a four year planning horizon. It is based on the Monte Carlo evaluation 173 of the results of multiple runs of an optimization model of the system. Based on this analysis, 174 we derive distribution functions on the future state of the basin and combine them with 175 trigger values for each drought scenario. 176
Current drought indicator system for Spanish river basins 177
One of the objectives of Spanish Drought Plans is providing means for anticipating drought 178 events. To do this, it is necessary to establish an early warning system that allows 179 forecasting drought characteristics and assessing their effects on the system. Spanish basin 180 operators have adopted a method of drought indicators based on the analysis of historic 181 data that reflect the availability of water in the system. This indicator is known as State Index 182 (SI) and it is the result of combining several hydro-meteorological variables obtained from a 183 monitoring system. The SI has a hydrologic character since its practical interest lays on its 184 ability to serve as decision-making instrument regarding water resources management in the 185 basin. For each catchment, managers select a set of variables that best represent the water 186 resources for different demand units in the basin using values of reservoirs storage, 187 piezometric levels, natural streamflow and areal precipitation. In the case of the Jucar River, 188 the selected variables are detailed in CHJ (2007) 1 . 189
For each selected variable, the value of the SI has the following expression (CHJ 2007): 190 in order to set and trigger the most appropriate drought mitigation measures early enough to 219 be efficient. This method is limited to determine the current drought situation based on the 220 comparison of present variables values with the variables occurred in the past; making its 221 forecasting capability low, or even non-existent. Moreover, drought episodes vary between 222 one and another. Hence, it is very unlikely that the SI is capable of working as an early 223 warning system for droughts, advancing the real consequences of an upcoming event. 224
In addition, as commented above, it is important that the effects of management decisions 225 and mitigation measures are included in the monitoring process and that their modifications 226 are reflected in order to advance their efficacy and to better support decision-making. For 227 this reason, the use of risk assessment methodologies in combination with indicator systems 228 provides an interesting and novel framework to support decision making during drought 229 situations in regulated systems. 230
Drought scenario definition based on the risk assessment of the system's optimal 231
operation 232
The methodology developed is based on previous research by Sanchez-Quispe (1999), where the probabilities of being in a scenario worse than normality two and three years after 328 June 2004 exceeded 50%. 329
Approximation of SI values with risk results 330
Previous stakeholder participation experiences in the Jucar River with risk assessment tools 331 have shown that, in general, risk results obtained for an 80% probability of exceedance level 332
and one year in advance are trusted as good approximations of the future state of the 333 system. These results can be easily extracted from the tools used to perform the proposed 334 because all the demands are met and there is water that would be lost instead at a high cost 347
for the objective function. Since the optimisation process implies perfect forecast, the model 348 is capable of storing that water. Second, when reservoirs are near to empty, like during the 349 drought period, the objective function benefits more from supplying the demands than from 350 storing water. Hence, despite the risk based SI drops below the observed one, the demands 351 still have a better level of supply than in the real situation. Therefore, the risk based results 352 offer an envelope of the actual situation, providing managers with an idea of how the system 353 can be expected to respond at different levels of risk. 354
Discussion
355
The predictions of the methodology presented improve with respect to the combined use of 356 storage, streamflow and precipitation to define a drought state index because they include 357 both previous precipitation and storage data, as well as information regarding the physical 358 information of the human influence on the system by means of water demands for the 360 different sectors, and allows considering the environmental needs of the riverine ecosystems 361 in the form of environmental flows definition. In addition, the presented methodology can be 362 used afterwards to assess the risk level with the existing management rules to evaluate the 363 changes introduced by the mitigation measures. Since the methodology is meant to be used 364 every month to monitor the state of the system, any new measures could be implemented in 365 the model in real time. In this way, it is possible to select the best measures for each case 366 and their optimal application. 367
Methodological limitations 368
The methodology has a number of inherent limitations. Firstly, it was limited by the quality of 369 the stochastic streamflow series used to drive the whole process. The definition of a good 370 stochastic model requires an amount of previously observed data that is not always going to 371 be available. In addition, depending on the stochastic model used, the generated streamflow 372 series will have a different capacity of capturing the dynamics of hydrology in the system. 373
This, together with the tendency of stochastic series to reach values around the historic 374 average after a number of generations, will limit the risk forecasting ability of the method. In 375 this paper, an autoregressive AR(1) stochastic model was used. Despite being capable of 376 capturing the basic statistical parameters of the observed series, Ochoa-Rivera et al. (2007) 377 showed that the approach to streamflow modelling has a significant influence in the final 378 results. Hence, different modelling methodologies should be explored before implementing 379 the proposed methodology. 380
Secondly, optimisation is a highly resources consuming process. This means that complex 381 models of the system under study will require longer calculation periods than more simple 382 ones. The creation of models capable of representing the reality of the system while 383 researchers for many years, and the methodology presented here was relatively easily 386 applicable. However, it will not be of immediate use in river basins where water level is 387 scarce and/or the relationships between the individual hydrological processes are not clear. 388
Finally, in order to be effective, the methodology and its results must be trusted, but also 389 understood, by those that will be later affected by the decisions derived from its use. The 390 model used in this study was developed conjunctively with the managers and water users of 391 the basin within a participatory process that required reaching agreements for everyone. In 392 the same way, the triggers that define each drought situation and the corresponding 393 measures are the results of negotiations between the different actors in the system. This 394 trust building process is achieved over time and thus, methods such as the one presented 395 here are unlikely to be successful at the beginning of participative management processes. activities take place, are unable to represent the changes occurring in the system along time. 408 but also runoff production and groundwater recharge, delaying or preventing water from 410 reaching the streams. Accounting for all of this and translating observed flows in one point to 411 natural regime is often an arduous task that is not always rewarded with appropriate results. 412 In regulated systems, the volume stored in the different reservoirs of the system, especially 420 the regulation reservoirs, is normally regarded as a good approximation of the actual status 421 of the whole system. Moreover, the comparison between the storage levels at the beginning 422 and the end of the hydrologic year are commonly accepted as a summary of how the 423 management of the system has been. However, the volumes stored nowadays are not 424 comparable with the volumes stored, for example, ten years ago since water uses in the 425 system change over time. This makes that the behaviour of the system, and thus the storage 426 in reservoirs is different should the new demands were considered and indicators such as 427 the one used by river basin districts in Spain cannot reflect that. In addition, the existence of 428 high risk levels of developing drought scenarios during normality situations raise concern 429 about the need for a more appropriate definition of what is considered to be normality in a 430 water resources system. For this, it is undoubtedly necessary to have a deep knowledge 431 about the system. The use of both simulation and optimisation models allow enhancing the 432 understanding on the needs and concerns of the different actors involved. 434
Finally, following a drought preventive strategy in a water resources system needs 435 maintaining a continuous state of vigilance. Hence, drought monitoring systems should warn 436 of the risk that a certain situation, that is considered to involve risk, develops into a worse 437 scenario instead of just informing about the current state of the system. In this way, the 438 measures addressed to minimise the risk or mitigating the effects of a fully developed 439 drought episode would have enough time to operate and be efficient, and they could even 440 be less severe than when applied with urgency. Water resources systems management 441 involves some bureaucracy and it is necessary to take into account that the activation of 442 measures normally will take some time after the declaration of a new drought scenario. 443
Thus, being able to anticipate the state of the system in a way like the one presented in this 444 work can definitely help improving the performance of drought plans. 445
Conclusions
446
This paper has proposed a new methodology to support drought monitoring and scenario 447 definition in regulated water resources systems. It allows approaching droughts risk 448 assessment and early warning from a new perspective with regard to previous approaches, 449 adding value to the existing monitoring methods currently in use. The use of optimisation 450 modelling to obtain the best management of the system during uncertain hydrologic periods 451 such as droughts permits anticipating the possible outcomes of these situations without the 452 need of considering the operation rules in place that might result ineffective in these cases. 453
An important advantage of the method developed is its capacity for dealing with complex 454 systems, providing a general picture of the situation in the basin while most of the previously 455 developed indices are applicable only to a demand or to a group of demands. Thus, the 456 systems in regulated basins. The application of the methodology in the Jucar River shows its 458 potential for supporting the definition of drought scenarios and hence improving the overall 459 drought management process in the basin. Furthermore, the methodology proposed is easily 460 exportable to other cases of study since it makes use of generalized modelling tools freely 461 available online, although it is important to keep in mind that it is necessary a good 462 knowledge of the system in order it to be effective. 463
Since no drought is identical to another, especially given a changing climate, modelling the 464 past to anticipate future drought is an ineffective and risky approach. Including future 465 changes in climate and hydrology is essential, but also future water demands and operation 466 policies must be considered in order to attain useful and reliable results for an efficient 467 anticipation to future drought events. Different operation policies may also require different 468 approaches with regard to drought management, both in the definition of scenario thresholds 469 for measures activation and the variables monitored, and the tools necessary to support 470 decision making. 471 
